Rains JL, Jain SK. Hyperketonemia increases monocyte adhesion to endothelial cells and is mediated by LFA-1 expression in monocytes and ICAM-1 expression in endothelial cells. Am J Physiol Endocrinol Metab 301: E298 -E306, 2011. First published May 3, 2011 doi:10.1152/ajpendo.00038.2011.-Frequent episodes of hyperketonemia are associated with a higher incidence of vascular disease. The objective of this study was to examine the hypothesis that hyperketonemia increases monocyte-endothelial cell (EC) adhesion and the development of vascular disease in diabetes. Human U937 and THP-1 monocyte cell lines and human umbilical vein endothelial cells (HUVECs) were cultured with acetoacetate (AA) (0 -10 mM) or ␤-hydroxybutyrate (BHB) (0 -10 mM) for 24 h prior to evaluating adhesion and adhesion molecule expression. The results demonstrate a significant (P Ͻ 0.01) increase in both U937 and THP-1 adhesion to HUVEC monolayers treated with 4 mM AA compared with control. Equal concentrations of BHB resulted in similar increases in monocyte-EC adhesion. Similarly, treatments of AA or BHB to isolated monocytes from human blood also show increases in adhesion to endothelial cells. intercellular adhesion molecule-1 (ICAM-1) was significantly increased on the surface of HUVECs and an increase in total protein expression with AA treatment compared with control. The expression level of lymphocyte function-associated antigen-1 (LFA-1) was increased in monocytes treated with AA, and LFA-1 affinity was altered from low to high affinity following treatment with both AA and BHB. Monocyte adhesion could be blocked when cells were preincubated with an antibody to ICAM-1 or LFA-1. Results also show a significant increase in IL-8 and MCP-1 secretion in monocytes and HUVECs treated with 0 -10 mM AA. These results suggest that hyperketonemia can induce monocyte adhesion to endothelial cells and that it is mediated via increased ICAM-1 expression in endothelial cells and increased expression and affinity of LFA-1 in monocytes.
intercellular adhesion molecule-1; lymphocyte function-associated antigen-1; ketosis; type 1 diabetes; inflammation; adhesion molecules VASCULAR INFLAMMATION and cardiovascular disease (CVD) are the leading causes of mortality and morbidity among patients with diabetes. Type 1 diabetes (T1D) is associated with increased vascular complications and is considered a proinflammatory condition (8) . Studies in the current literature indicate that T1D is associated with increased oxidative stress and increased levels of various inflammatory biomarkers such as CRP, monocyte activity, sICAM, sE-selectin, sP-selectin, and sCD40L (9, 10, 20) . The current literature also contains reports of an increased risk for CVD in T1D (12, 29, 34) . In addition to hyperglycemia, T1D patients frequently experience hyperketonemia due to a state of insulin deficiency. T1D is the most common pathological cause of elevated ketone bodies; however, it has also been shown to coexist with hyperglycemia among older T2D patients and in select minority groups with T2D (1, 28, 35, 38) . There are three main ketone bodies that are produced when glucose is not readily available: acetoacetate and ␤-hydroxybutyrate being the most abundant and acetone being the third and least abundant (25) . In severe cases, levels of circulating ketone bodies can reach 25 mM compared with normal levels of less than 0.5 mM (21, 25) . Although there is a significant amount of literature on the microvascular complications of T1D, little is known about the pathogenesis of CVD in T1D. It is known that diabetic subjects with frequent episodes of hyperketonemia experience increased incidence of vascular disease, morbidity, and mortality (7, 32, 36, 37) . The precise biochemical mechanisms by which hyperketonemia increases the development of vascular disease remains unknown.
This study examines the hypothesis that hyperketonemia increases monocyte-endothelial cell (EC) adhesion and the development of vascular disease in diabetes. To examine this hypothesis, we evaluated the adherence between monocytes and endothelial cells treated with acetoacetate or ␤-hydroxybutyrate. We also measured the levels of proinflammatory chemokine and adhesion molecule expression and activation in both human monocytes and human umbilical vein endothelial cells (HUVEC) exposed to acetoacetate or ␤-hydroxybutyrate. Our data indicate that physiological concentrations of acetoacetate and ␤-hydroxybutyrate can contribute to increased monocyte adhesion to endothelial cells by upregulation of intercellular adhesion molecule-1 (ICAM-1) in endothelial cells and lymphocyte function-associated antigen-1 (LFA-1) in monocytes. This provides evidence for a novel mechanism by which hyperketonemia contributes to the excess vascular disease seen in type 1 diabetics.
MATERIALS AND METHODS
Cell culture. Human monocytic cell lines, human U-937 monocytes and THP-1 monocytes, were purchased from American Type Culture Collection (ATCC, Manassas, VA). These cells were cultured in RPMI 1640 medium supplemented with 10% (vol/vol) heat-inactivated fetal bovine serum, 100 U/ml penicillin, 100 g/ml streptomycin, and 2 mM L-glutamine. The culture was maintained at 37°C in a humidified atmosphere containing 5% CO2. For treatments, the cells were counted on a hemocytometer using Trypan Blue exclusion and adjusted to approximately 1 ϫ 10 6 cells/ml in complete medium. In addition, THP-1 monocytes and isolated human monocytes were used in this study to determine whether results were cell type specific.
HUVECs. HUVECs were purchased from Lonza Walkersville and were cultured to confluence in EGM-2 medium and 5% CO 2 in a 37°C humidified atmosphere. The culture was passaged according to standard procedures. For experiments, HUVECs were used within 24 h after reaching confluence, between passages 3 and 10. The vendor certified that the medium had endotoxin concentrations Ͻ0.005 EU/ml.
In our experiments, we used concentrations of acetoacetate and ␤-hydroxybutyrate ranging from 0 to 10 mM. Studies in the literature report blood levels of up to 5 mM acetoacetate and 11 mM ␤-hydroxybutyrate in diabetic patients (7, 34a) . Thus the concentrations used in these experiments are interpretable as physiologically relevant results. The monocyte cell viability was not affected (Ͼ90%) at this range of concentrations. In HUVECs, the viability was greater than 90% in cells treated with up to 5 mM acetoacetate but significantly decreased with concentrations higher than 5 mM (16) .
Isolation of human monocytes. Blood was collected in EDTA tubes from fasting healthy adult volunteers, and the peripheral blood mononuclear cells were isolated using Ficoll Hypaque centrifugation. The monocytes were isolated using Monocyte Isolation Kit II (Miltenyi Biotec, Auburn, CA) which uses magnetic separation to deplete non-monocytes (negative selection). The purity of the monocyte population was confirmed, using flow cytometry, by staining an aliquot of cells with anti-CD14-PE (Miltenyi Biotec). This technique yields greater than 86% of cells identified as monocytes. The isolated monocytes were cultured and assayed the same as for monocytic cell lines.
Chemokine assays. IL-8 and monocyte chemoattractant protein-1 (MCP-1) levels were determined by ELISA methods using commercially available ELISA kits from Pierce-Endogen (Rockford, IL). The intra-assay for each of these assays was Ͻ10%. The chemokine concentration was determined by evaluating the supernatant from endothelial cells and monocytes. All appropriate controls and standards specified by the manufacturer's kit were used. The data are expressed as picograms per milliliter of cell supernatant.
ELISA of endothelial cell adhesion molecule expression. HUVECs were plated on 48-well tissue culture dishes and grown to 80 -90% confluence. Primary antibodies or nonbinding IgG diluted to 1:500 in PBS with 2% heat-inactivated FBS were added to each well and incubated for 30 min at 37°C. The cells were washed and then incubated with horseradish peroxide (HRP)-conjugated goat antimouse IgG diluted 1:500 in PBS with 2% heat inactivated FBS. The wells were then washed, and the surface ECAM expression was determined by addition of 100 l of TMB substrate solution. The reaction was stopped with 100 l of 0.18 M sulfuric acid. The samples were transferred to a 96-well plate and read in a plate reader at OD 450 nm using wells with secondary antibody only as a blank. All samples were done in duplicate.
Western blotting. The cells were lysed for 1 h with vortexing in RIPA buffer containing protease inhibitors. Lysates were centrifuged for 5 min at 13,000 rpm. Supernatants were collected and the protein levels determined by BCA. Lysates were suspended in SDS sample buffer containing either 4% ␤-mercaptoethanol or no reducing agent. The contents were mixed and boiled at 100°C for 5 min. The samples were loaded onto an 8% Tris-SDS acrylamide gel and run at 80 V until complete separation. The proteins were transferred to a nitrocellulose membrane (0.2 M; Bio-Rad Laboratories, Hercules, CA) followed by blocking with 1% BSA prepared in TBS-T (Trisbuffered saline ϩ 0.25% Tween 20) for 1 h. The blot was then incubated with a primary antibody overnight followed by washing and then a 1 h incubation in HRP-conjugated secondary antibody. Protein bands were detected by ECL detection reagents (PerkinElmer, Boston, MA) and exposed on blue X-ray film (Phenix Research Products, Candler, NC).
Flow cytometry. Surface analysis of cell membrane proteins was done using indirect staining procedures and flow cytometry. Ice-cold reagents/solutions and the presence of sodium azide was used to prevent the modulation and internalization of surface receptors. Incubations were all done at 4°C in the dark to prevent loss of signal. The cells were harvested at the end of the experiment and resuspended to ϳ1 ϫ 10 6 cells/ml in 300 l of ice-cold PBS, 10% FCS, and 1% sodium azide. An aliquot of 100-l cell suspension was added to a microtube, followed by addition of primary antibody, and incubated for 30 min. Cells were washed three times by resuspending them in ice-cold PBS. A secondary antibody conjugated to FITC was diluted 1:250 in 3% BSA-PBS, and the cells were resuspended in 100 l of this solution and incubated 30 min. Cells were washed three times in PBS and resuspended in PBS, 3% BSA, and 1% sodium azide. Cells were directly analyzed using flow cytometry as soon as possible. Cells were analyzed by collecting 10,000 events. Results are expressed as the percentage of positive-stained cells as well as the total mean fluorescence intensity of 10,000 cells. Controls for matched isotype of primary antibodies were analyzed to ensure no nonspecific binding. Unstained cells, both treated and nontreated, were used as a negative control, and cells with secondary antibody only were also analyzed to ensure no nonspecific secondary binding.
Monocyte-EC adhesion. HUVECs were plated and allowed to grow to confluent monolayers. The ECs were treated with either acetoacetate (0 -6 mM) or ␤-hydroxybutyrate (0 -8 mM) for 24 h. Monocytes were loaded with 8 M CellTracker Green (CMFDA; Invitrogen, Eugene, OR) and then treated with either equal acetoacetate or ␤-hydroxybutyrate, at concentrations matching those of the ECs. After 24 h, 1 ϫ 10 6 cells were added to the endothelial monolayers and incubated at 37°C for 30 min. The nonadherent cells were washed away with EC media, and adherent cells were lysed in 0.2% Triton X for quantification. The fluorescent intensity of the monocytes added to the monolayer (input) as well as the nonadherent cells was measured at excitation 485 and emission 528 nm.
Reagents. All chemicals were obtained from Sigma Chemical (St. Louis, MO) unless stated otherwise. EC growth medium was purchased from Clonetics (San Diego, CA). The following primary antibodies used in this study were: rabbit polyclonal anti-CD11a, for detection of LFA-1, and mouse monoclonal anti-␤-actin (Abcam, Cambridge, MA); mouse monoclonal anti-E-selectin, -ICAM-1, and -vascular cell adhesion molecule-1 (VCAM-1) (Santa Cruz Biotechnology, Santa Cruz, CA), mouse monoclonal anti-ICAM-1 for blocking (US Biological, Swampscott, MA); mouse monoclonal antiCD11a for blocking (Abcam), mouse monoclonal anti-CD11ϩCD18 (mAb24) for activation epitope, and mouse monoclonal IgG1 (Abcam). Secondary antibodies used were goat anti-rabbit conjugated to FITC (Abcam), goat anti-mouse conjugated to HRP, Bio-Rad Laboratories (Hercules, CA), goat anti-rabbit conjugated to HRP (Millipore Temecula, CA).
Statistical analysis. Results are expressed as means Ϯ SE. Student's t-test was used to compare the differences between treatments using Sigma plot statistical software (SPSS, Chicago, IL). A P value of Ͻ0.05 was considered significant.
RESULTS

Hyperketonemia increases monocyte cell adhesion to ECs.
To determine whether hyperketonemic conditions would affect the adhesion of monocytes to EC layers, adhesion assays were performed between monocytes and ECs treated with acetoacetate or ␤-hydroxybutyrate for 24 h. We observed a dosedependent increase in monocyte adherence to ECs when they were treated with acetoacetate using both U937 and THP-1 monocytes. There was also an increase in adherence in cells treated with ␤-hydroxybutyrate, but the increase was uniform and not affected by the ␤-hydroxybutyrate concentration (Fig. 1, A and B) . Additionally, we confirmed the increase in monocyte adhesion by using isolated human monocytes under identical assay conditions (Fig. 1C) .
Hyperketonemia induces ICAM-1 expression in ECs.
ICAM-1 is the predominant EC ligand for binding of LFA-1. As mentioned earlier, T1D patients have increased blood levels of biomarkers of inflammation, including s-ICAM (9) . To determine whether hyperketonemia may influence ICAM-1 expression levels, HUVEC monolayers were treated with increasing concentrations of acetoacetate or ␤-hydroxybutyrate for 24 h. Surface expression of ICAM-1, VCAM-1, and Eselectin were all determined by ELISA. In addition, total protein expression of ICAM-1 was determined using Western blot. The results indicate that, of the three ECAMs evaluated, ICAM-1 surface expression levels increased by almost 30% compared with those of untreated cells when treated with acetoacetate (6 mM; Fig. 2B, left) . Consistent with the increase in surface expression of ICAM-1, Western blotting also indicated that there was a significant increase in total protein when HUVECs were treated with acetoacetate (8 mM) compared with the control (Fig. 2A) . Neither E-selectin nor VCAM-1 showed any significant change in surface expression when treated with acetoacetate or ␤-hydroxybutyrate (Fig. 2B) . There was no significant change in E-selectin or VCAM-1 compared with a nonbinding control. TNF-␣ was used as a positive control and resulted in a significant increase in surface expression for ICAM-1 (Control 0.191 vs. TNF-␣ 1.114) and VCAM-1 (Control 0.124 vs. TNF-␣ 0.498); however, no significant increase was detected for E-selectin (control 0.131 vs. TNF-␣ 0.173). These data suggest that physiological concentrations of acetoacetate can induce ICAM-1 expression in ECs.
Hyperketonemia increases expression and activation of LFA-1 in monocytes. LFA-1 is a member of the integrin family and is composed of a common ␤-subunit (CD18) and a distinct ␣-subunit (CD11a). LFA-1 functions to mediate leukocyte adhesion to its primary endothelial adhesion ligand ICAM-1 (33) . To determine whether hyperketonemia alters the expression level of LFA-1 in human monocytes in response to hyperketonemic conditions, we treated monocytes with increasing concentrations of acetoacetate or ␤-hydroxybutyrate for 24 h. After 24 h, the protein expression level of LFA-1 in U937 and THP-1 monocytes was determined by Western blot (Fig. 3A ). An antibody for the ␣-subunit CD11a was used to distinguish LFA-1 from other similar integrin family members. These results indicated that total protein expression levels of LFA-1 adhesion molecules were increased in response to both acetoacetate and ␤-hydroxybutyrate. Increased expression of LFA-1 in monocytes suggests that it plays a role in the increased adhesive property of rolling monocytes in the blood stream.
Since activation of leukocytes has also been known to regulate the rapid mobilization of ␤ 2 -integrins from intracellular peroxidase-negative granules (5, 26) , and total protein expression levels increase following treatment with acetoacetate and ␤-hydroxybutyrate, surface expression of LFA-1 was analyzed. The results indicated that U937 cells expressed LFA-1 at much lower levels than did THP-1 cells, 20% vs. 96% (Fig. 3B) . However, when treated with acetoacetate or ␤-hydroxybutyrate, surface expression of LFA-1 increased significantly with acetoacetate (Ͼ2 mM) and ␤-hydroxybutyrate (Ͼ8 mM) in U937 monocytes (Fig. 3B, left) . THP-1 monocytes did not show any change in surface expression with acetoacetate or ␤-hydroxybutyrate treatment (Fig. 3B, right) . These data suggest that physiological concentrations of both acetoacetate and ␤-hydroxybutyrate result in upregulation of integrin expression, which may contribute to the recruitment and adhesion of an increased number of monocytes.
Integrins exist in a resting or inactive state on mononuclear cells; upon chemotactic stimulation or other means of cell activation, the receptors redistribute to high-density clusters and into a high-affinity state. To address the affinity of the CD11/CD18 molecule, we used a specific antibody that recognizes the activation epitope of ␤ 2 -integrin in a high-affinity conformation (mAb24, Abcam). Figure 4 shows that physiological concentrations of both acetoacetate and ␤-hydroxybutyrate induced the high-affinity conformation of CD11/CD18. This provides evidence for a role for CD11/CD18 in the mechanism by which hyperketonemia activates monocytes for cell adhesion.
ICAM-1 and LFA-1 play an important role in mediating monocyte-EC adhesion in acetoacetate-induced adhesion. Since ICAM-1 was upregulated on the surface of ECs exposed to acetoacetate and adherence of monocytes to the EC monolayer was increased in hyperketonemic conditions, we investigated the role of ICAM-1 in mediating monocyte-EC adhesion. To determine this, we used a monoclonal antibody that specifically blocks ICAM-1 binding and a different antibody specific for blocking CD11a. Mouse IgG was used as a control. We show that by blocking either ICAM-1 on ECs or CD11a in THP-1 monocytes, we were able to reduce the monocyte adherence to near control levels (Fig. 5) . Because LFA-1 was also activated in THP-1 monocytes treated with BHB, we show that, by inhibiting CD11a in BHB treated cells, adherence was reduced below that observed in the control (Fig. 5) . These data provide evidence for a novel mechanism mediating adherence between monocytes and ECs during hyperketonemic conditions.
Hyperketonemia increases proinflammatory chemokine secretion in ECs and monocytes. The chemokines IL-8 and MCP-1 are highly inducible chemoattractant proteins and modulate monocyte recruitment via chemotaxis and adhesion by altering adhesion molecule affinity. Figure 6 shows the effect of ketone bodies acetoacetate and ␤-hydroxybutyrate on IL-8 and MCP-1 secretion from ECs. The results indicate that there was a dose-dependent increase in levels of both chemokines IL-8 and MCP-1 when the cells were treated with acetoacetate but not with ␤-hydroxybutyrate (Fig. 6) . LPS was used as a positive control to show that the cells secreted the chemokines under activated conditions. These results indicate that, at physiological concentrations of acetoacetate, there is a low level of inflammation in ECs that stimulates chemokine production.
Monocytes also secrete chemokines in response to various stimuli, which contributes to the overall increased level of chemokines in the serum of diabetic patients. We evaluated chemokine production in monocytes in response to hyperketonemic conditions. The results indicate that both activated THP-1 and U937 monocytes secrete significantly higher levels of MCP-1 and IL-8 when treated with physiological concentrations of acetoacetate (Fig. 7) . ␤-Hydroxybutyrate had little or no effect on IL-8 secretion in THP-1 or U937 monocytes but created a small increase in MCP-1 secretion in U937 monocytes but not THP-1 (Fig. 7) .
DISCUSSION
Several markers of vascular inflammation have been shown to be influenced by the presence of hyperketonemia (15) (16) (17) (18) (19) (20) . It has been reported that acetoacetate, but not ␤-hydroxybutyrate, increases lipid peroxidation and growth inhibition in cultured human ECs (16) as well as lowering glutathione levels in human erythrocytes (19) . It has also been reported that acetoacetate increases TNF-␣ and IL-6 secretion in cultured monocytes and in hyperketonemic diabetic patients (17, 18) . There is no previous study that has examined the role of hyperketonemia in the adhesivity of monocytes to the endothelium. Overall, there is very little evidence concerning the role hyperketonemia may play in vascular inflammation and its contribution to the risk of developing CVD in diabetes. In this study, we make a novel contribution to the literature that indicates that hyperketonemia may influence the progression of CVD in diabetes. The present study demonstrates that hyperketonemia increases adhesion of monocytes to ECs. Our results provide evidence for the role of LFA-1 expression in monocytes and ICAM-1 expression in ECs in the increased monocyte adhesion to ECs.
The monocyte/macrophage is a pivotal cell in atherogenesis and inflammation. The adhesion of monocytes to the endothelium followed by transmigration into the subendothelial layer is a key event in the early pathogenesis of atherosclerosis (23). This is a tightly regulated process in which adhesion molecules and chemokines play crucial roles (13) . Although it is a normal process, observation of many inflammatory disease conditions indicates that increased monocyte adhesion results in an overinfiltration of monocytes into the arterial intima. CVD consists of a number of different diseases that involve the heart and blood vessels, most of which have similar causes, mechanisms, and treatments. Atherogenesis is a common denominator among most vascular diseases, and it is well accepted that inflammation drives this process.
The adhesion between monocytes and ECs was increased in response to both acetoacetate and ␤-hydroxybutyrate. Adhesion, which was assessed by the increase in mean fluorescence, was significantly increased in both monocyte cell lines and isolated human monocytes (Fig. 1) . The increase was dose responsive when cells were treated with acetoacetate but not ␤-hydroxybutyrate. ␤-Hydroxybutyrate treatment resulted in a persistent increase that was not dose responsive. These observations suggest that ␤-hydroxybutyrate and acetoacetate may be signaling via different mechanisms to enhance adhesion.
Adhesion molecules such as sICAM-1 or LFA-1 have been found to be elevated in T1D patients (11, 27) . Our results indicate that both ICAM-1 in ECs and LFA-1 in monocytes was upregulated in hyperketonemic conditions. Total protein expression of LFA-1 was upregulated in U937 and THP-1 monocytes treated with acetoacetate and ␤-hydroxybutyrate (Fig. 3A) . Surface analysis gave similar results in U937 monocytes treated with acetoacetate but not ␤-hydroxybutyrate (Fig.  3B) . In U937 monocytes, ␤-hydroxybutyrate treatment caused a slight increase in surface LFA-1 but not to the same degree, as indicated by Western blotting for total protein. The surface expression of LFA-1 in THP-1 monocytes remains consistent with ketone body treatment, which differs from observations seen in total protein analysis. It has never been indicated that LFA-1 contains storage granules; however, this could be a reason for the increase in total protein and not the surface expression.
Acetoacetate and ␤-hydroxybutyrate have been shown to increase oxidative stress via ROS production (3, 16, 31) and decreased intracellular GSH in red blood cells (19) . Acetoacetate has also been shown to increase monocyte secretion of TNF-␣, which could be inhibited by specific inhibitors of protein kinase A (H-89), p38-mitogen-activated protein kinase (MAPK; SB-203580), and nuclear transcription factor (NF-B-SN50) (18) . Studies by Abdelmegeed et al. have shown that acetoacetate can activate extracellular signal-regulated kinase (ERK1/2) and p38 MAPK (3), as well as inducing CYP2E1 protein expression in primary cultured rat hepatocytes (2) . Overall, this suggests a role for oxidative stress as well as NF-B and MAPK signaling as potential mechanisms of hyperketonemia-induced chemokine secretion and adhesion molecule regulation in monocytes and ECs. An increase in integrin surface expression does not necessarily indicate an increase in adhesive properties of the monocytes, since integrins are also regulated by conformational changes. Integrins switch from an inactive conformation to an active conformation upon activation by various stimuli, mostly chemokines or adhesion molecules. We show that both acetoacetate and ␤-hydroxybutyrate induce LFA-1 in THP-1 monocytes into the high-affinity conformation (Fig. 4) . Although the surface expression remained consistent in THP-1 monocytes, the conformation changed to the high-affinity conformation, which may explain the increase in adhesion of ␤-hydroxybutyrate-treated cells, since neither LFA-1 nor ICAM-1 surface expression was increased with ␤-hydroxybutyrate treatment. Previous studies in the literature have also reported that, when treated with phosphatidylcholine hydroperoxide, the expression of LFA-1 does not increase in THP-1 monocytes, but the activation state changes, resulting in increased adhesion to ICAM-1 (4) . These data suggest that physiological concentrations of both acetoacetate and ␤-hydroxybutyrate may result in upregulation and activation of adhesion molecules as a way to recruit an increased number of monocytes to the vascular endothelium.
We evaluated the role of ICAM-1 and LFA-1 in mediating acetoacetate-or ␤-hydroxybutyrate-induced adhesion (Fig. 5) . Since ICAM-1 was not increased in ECs treated with ␤-hydroxybutyrate, we did not do these experiments in ␤-hydroxybutyrate-treated cells. However, we did block ␤-hydroxybutyrate-induced adhesion by using an LFA-1 antibody. By blocking ICAM-1 with an antibody specific to the LFA-1 binding site, acetoacetate-induced adhesion was almost completely attenuated. Blocking with LFA-1 antibody also attenuated both acetoacetate-and ␤-hydroxybutyrate-induced monocyte-EC adhesion. LFA-1 blocked adhesion slightly more than that caused by ICAM-1 alone, suggesting that other ICAM-1 ligands such as MAC-1 may also be increased and may be responsible for a small amount of adhesion. Since both acetoacetate and ␤-hydroxybutyrate increased monocyte adhesion to ECs and the adhesion can be almost completely blocked by either an ICAM-1 antibody or a LFA-1 antibody, it seems plausible to say that hyperketonemia mediates monocyte-EC cell adhesion primarily via the ICAM-LFA-1 interaction.
Chemokines are known to play a crucial role in directing movement of mononuclear cells from the circulation into inflamed tissue and serving as potent agonists for activation of monocytes and other cells of the immune network (24) . They are among the most important proinflammatory intercellular mediators of leukocyte trafficking. The chemokines MCP-1 and IL-8 have been well studied, as has their influence on atherosclerotic lesion formation. Both MCP-1 Ϫ/Ϫ and CCR2 Ϫ/Ϫ mice show reduction of lesion size in the apoE
mouse atherosclerosis model (6, 14) . Papadopoulou et al. (30) showed that inhibition of MCP-1, IL-8, or GRO␣ using blocking antibodies reduced monocyte adhesion to human atherosclerotic plaques. Therefore, MCP-1 and IL-8 serve as important and sensitive inflammatory biomarkers of inflammation known to directly influence monocyte infiltration and adhesion. Our results show that acetoacetate increases chemoattractant protein secretion in both monocytes and ECs (Figs. 6 and 7) . The increase in MCP-1 and IL-8 in HUVECs was dose dependent when the cells were treated with acetoacetate and was significant at concentrations of 4 mM (Fig. 6 ). This suggests that a greater chemokine gradient along the EC surface creates an environment more liable to cause passing leukocytes to undergo chemotaxis toward the inflamed EC layer. Ultimately, this would lead to a higher level of monocyte recruitment and adhesion. Monocytes were also shown to contribute to the overall increase in chemokine secretion from both U937 and THP-1 cell lines. Treatment with acetoacetate resulted in a near dose-responsive increase in chemokine secretion (Fig. 7) . One result that may be cell type specific is the dose-response increase seen in MCP-1 secretion from activated U937 monocytes. There was a dose-response increase in MCP-1 secretion when U937 monocytes were treated with 0 -10 mM ␤-hydroxybutyrate, with significant results seen at 10 mM; however, no increase in IL-8 secretion was observed. These results suggest that hyperketonemia may serve as a stimulus for monocyte activation potentiating the chemokine signaling and overall increase in serum concentrations of chemokines in diabetics.
Inflammation is now established as a driving force for the development of atherosclerosis-and diabetes-associated complications. This study for the first time demonstrates the role and the underlying mechanisms by which hyperketonemia increases monocyte adhesion to the vascular endothelium. Figure 8 provides a working model for the mechanisms by which hyperketonemia may contribute to increased CVD in T1D. Overall, these results suggest that hyperketonemia can create a low level of inflammation in the EC layer and circulating monocytes. This condition provides not only a chemokine gradient amenable to monocyte recruitment but also EC and monocyte surfaces primed for cell adhesion. Thus, hyperketonemia contributes to the inflammatory conditions that potentiate the adhesion of monocytes to ECs and the risk for CVD in T1D.
